Abstract We conducted surveys for the Endangered Sierra Madre yellow-legged frog Rana muscosa throughout southern California to evaluate the current distribution and status of the species. Surveys were conducted during 2000-2009 at 150 unique streams and lakes within the San Gabriel, San Bernardino, San Jacinto, and Palomar mountains of southern California. Only nine small, geographically isolated populations were detected across the four mountain ranges, and all tested positive for the amphibian chytrid fungus Batrachochytrium dendrobatidis. Our data show that when R. muscosa is known to be present it is easily detectable (89%) in a single visit during the frog's active season. We estimate that only 166 adult frogs remained in the wild in 2009. Our research indicates that R. muscosa populations in southern California are threatened by natural and stochastic events and may become extirpated in the near future unless there is some intervention to save them.
Introduction
T he Sierra Madre yellow-legged frog Rana muscosa, formerly known as the mountain yellow-legged frog, is endemic to California. Historically, it occurred in the Sierra Nevada at an elevation of 1,370-3,660 m and in the San Gabriel, San Bernardino, San Jacinto and Palomar mountains of California at 370-2,290 m (Stebbins, 2003) . The species was once common in these mountain ranges (Schoenherr, 1976; Jennings & Hayes, 1994; Stebbins & Cohen, 1997) but populations have been declining throughout the state since the late 1960s (Bradford et al., 1994; Jennings & Hayes, 1994; Stebbins & Cohen, 1997; Knapp & Matthews, 2000; Vredenburg et al., 2007) . Taxonomic revisions by Macey et al. (2001) demonstrated that this species comprises four evolutionarily distinct subgroups within two major clades. The southernmost subgroup of R. muscosa (occurring in southern California) was identified as a distinct population segment and was categorized as Endangered by the U.S. Fish and Wildlife Service on 1 August 2002 (U.S. Fish and Wildlife Service, 2002) . Further taxonomic revisions (Vredenburg et al., 2007) divided R. muscosa into two distinct species, R. muscosa in the south and R. sierrae in the north, with the geographical transition zone occurring in the southern Sierra Nevada. To help guide restoration efforts, Schoville et al. (2011) evaluated R. muscosa by means of microsatellite and mitochondrial analysis and found a high degree of historical isolation across the remaining mountain ranges. This study only covers R. muscosa populations located within the San Gabriel, San Bernardino, San Jacinto, and Palomar mountains of southern California (Fig. 1) , hereafter referred to as the southern California populations; it does not address R. muscosa populations in the Sierra Nevada. Currently the southern California populations of R. muscosa are categorized as Endangered by the IUCN (IUCN, 2013), the U.S. Fish and Wildlife Service, and the State of California, where the Fish and Game Commission listed R. muscosa as Endangered under the California Endangered Species Act, effective 1 April 2013 (Title 14, California Code of Regulations, Section 670.5).
Methods

Historical occurrence
We compiled 694 historical records of R. muscosa from southern California from museums, reports, publications and field notes. Museums included AMNH, ANSP, CAS and CAS-SU, CM, CMC, CU, FMNH, KU, LACM, LSU, MVZ, PSM, RMMU, SDNHM, TCWC, UAZ, UMMZ, and USNM (acronyms follow Leviton et al., 1985) . These records were used to guide the selection and prioritization of survey locations and evaluate potential historical declines. To illustrate the extent of reported declines we created a histogram showing the number of museum records by decade from 1900 to the present. Of the 670 museum records collected, 659 had dates associated with the records and were included in the histogram. We then evaluated the locality description for each record and identified the unique number of sites where collections were made each decade (Fig. 2) .
Field inventories
We surveyed a total of 150 unique streams and lakes. Surveys included visiting sites with historical records, monitoring known populations of R. muscosa and assessing neighbouring sites with potential suitable habitat. Daytime visual encounter surveys were conducted during R. muscosa peak activity season (from the end of April to October; Zweifel, 1955) , with two individuals walking slowly in or near the stream channel to detect all age classes and record and process individuals found. Multiple visits were made to sites with extant frog populations to determine the detection probability of this species and to estimate population sizes. A minimum of one visit was made to all other survey sites to determine habitat suitability and R. muscosa occupancy.
Population analysis
The detectability of R. muscosa, using our survey protocol, was determined post hoc. We used data from repeated surveys at all sites with extant populations from 2001 to 2009. We analysed the probability of detecting R. muscosa on multiple surveys using log-linear modelling, with PRESENCE (MacKenzie et al., 2002) .
Population sizes at occupied sites were estimated using mark-recapture methods. Frogs were marked with passive integrated transponder tags. Estimated population sizes pertain only to adult R. muscosa. Juveniles were difficult to quantify because our federal recovery permit TE-045994 allowed us to tag only those individuals . 50 mm snout to vent length. Tadpoles and eggs were also difficult to quantify because they are challenging to detect and mark.
We estimated the population size at each of seven locations with extant populations for most years from 2001 to 2009, for a total of 54 populations. We used the Huggins closed capture model in MARK to estimate detection rates and derive abundance at each site for years when surveys occurred (Lukacs, 2012) . Unlike the Cormack-Jolly-Seber open population model, which requires capture rates to equal recapture rates, the Huggins model estimates these rates separately by assuming negligible loss or recruitment during each capture season (11 May-24 September). Although the robust Cormack-Jolly-Seber open population model also assumes population closure between closely spaced intervals from the same period (i.e. year) and can estimate capture and recapture separately, we chose the Huggins model to estimate population patterns empirically rather than by further modelling of open population dynamics. An eighth location, Vincent Gulch, was sampled from 2001 to 2009 but was excluded from modelling because it had , 18 total captures and no same-year recaptures. A ninth location, Tahquitz Creek, was also excluded from the model because it was rediscovered in 2009 and is known for only five adult female frogs. We divided the season into seven time intervals representing up to seven captures. A population was sampled for a mean of 3.1 ± 1.4 time intervals in a year. For certain combinations of site, year, and time interval when a population was not sampled, we constrained the capture and recapture rates to equal 0.
We evaluated 144 models in which the capture or recapture rates varied across years, time intervals or sites and compared these with models where the rates were constant. We included in our comparisons models based on specific hypotheses that capture or recapture rates follow a linear trend with time or year, or have a quadratic relationship with time as a result of peaks of activity in the summer. We used R and RMark as an interface for processing all models in MARK (White & Burnham, 1999; R Development Core Team, 2012; Laake & Rexstad, 2012; . We estimated overdispersion to be ĉ 5 1.1 by using the median ĉ approach in MARK, and compared all models and calculated model weights using the quasi-Akaike information criterion (QAICc). We identified a subset of models with the strongest support (QAICc weight . 1%) and performed model-averaging to compute estimates, standard errors and 95% confidence limits of population size.
Disease screening
All frogs captured were visually assessed for signs of disease and parasites. They were immediately swabbed to test for the amphibian chytrid fungus, following the protocol outlined in Hyatt et al. (2007) . Swabs were processed at the University of California, Berkeley, and the San Diego Zoo Institute for Conservation Research.
Results
Historical occurrence
R. muscosa from southern California were recorded in literature, field notes and museum databases from 1903 to 2002, with a sharp decline in the number of records after the 1960s. In addition to this decline there was a reduction in the number of sites where vouchers were collected (Fig. 2) . Since 1971 there has not been a decade when R. muscosa was collected from more than five sites. This is consistent with their current distribution.
Field inventories
Between 2000 and 2009 150 unique streams and lakes were surveyed for R. muscosa in southern California. R. muscosa TABLE 1 Cumulative probability of detecting the Sierra Madre yellow-legged frog Rana muscosa with repeat surveys, from our survey of southern California (Fig. 1) 1.000 (0.998-1.000) 5
1.000 (1.000-1.000) 6
1.000 (1.000-1.000) 7
1.000 (1.000-1.000) 8
1.000 (1.000-1.000)
The Sierra Madre yellow-legged frogwas only detected at nine of these sites (Fig. 1 ). There were known to be extant populations at seven of the sites prior to the study: Bear Gulch, Devils Canyon, Little Rock Creek, Vincent Gulch, City Creek, Dark Canyon and Fuller Mill Creek. Only two populations were rediscovered at the remaining 143 sites: a population at Big Rock Creek in 2000 and a population at Tahquitz Creek in 2009. The previous records from Big Rock Creek and Tahquitz Creek were from 1959 and 1972, respectively. Also during this study two extant populations became undetectable for a short duration (Bear Gulch and City Creek) but were later rediscovered in low numbers. We did not detect R. muscosa at three sites where it was known to occur in the 1990s: Hall Canyon (three surveys over 3 years), the North Fork San Jacinto River, below California State Route 243 (10 surveys over 3 years), and the East Fork San Gabriel River (six surveys over 2 years; M.R. Jennings, pers. comm.) despite multiple visits over multiple years.
Population analysis
Our detection probability for R. muscosa for a single survey was 89 ± SE 0.025% (95% CI 0.797-0.896) for all sites with known populations of this species, using data from 9 years.
This detectability estimate is high for R. muscosa in southern California. Detectability estimates were also calculated for repeat surveys (n 5 1-8) within a single year (Table 1) , with detectability reaching 99% after two surveys and 100% after three or more surveys at any site within a single year. The best supported closed population capture models include a quadratic time effect, site, and sometimes a yearly trend ( Table 2) . Site was a strong influencing factor on recapture rates but not on initial captures. Devils Canyon and Little Rock Creek had the highest recapture rates, and Fuller Mill Creek had the lowest. The quadratic time effects had negative coefficients, suggesting peaks in the relationship with time. The coefficient of the yearly trends tended to be positive, suggesting that capture and recapture efficiency may have improved in later years. For several of the top models we evaluated the support for simpler models in which capture and recapture rates had identical trends. However, these models had lower QAICc weights than their counterparts when capture and recapture rates were separate.
Our abundance estimates for 2009 total only 166 adults across seven locations (Table 3) . Furthermore, during 9 years of repeated surveys we have only been able to mark 314 unique individuals across all sites. Individuals have Table 3 ; Fig. 3 ).
Disease screening
A total of 707 R. muscosa adults, juveniles and tadpoles were swabbed and processed between 2001 and 2009. Forty-four individuals tested positive for the amphibian chytrid fungus (6% prevalence) and all of these were infected with low-level loads. All extant R. muscosa populations in southern California have individuals that tested positive for the fungus. The number of infected individuals recorded per site ranged from one at Bear Gulch to 24 at City Creek.
Discussion
Vredenburg et al. (2007) reported a 98.1% decline of R. muscosa in southern California. Historically these frogs occupied five mountain ranges, four in southern California and the Sierra Nevada. Within our study area they are presumed extinct from Palomar Mountain, and City Creek is the only known population remaining in the San Bernardino Mountains. The City Creek population has declined and is at risk of extirpation in the near future because of the low number of individuals. The other eight populations occur in the San Gabriel (n 5 5) and San Jacinto (n 5 3) mountains. All remaining populations are small (< 55 adults) and geographically isolated from one another. Based on mitochondrial and microsatellite datasets, every population appears to be genetically isolated, with very little inter-population gene flow (Schoville et al., 2011) . The detection probability of R. muscosa at the sites we modelled is high (89%), indicating that this species can be highly visible where it occurs. The data used in this analysis were collected from every known population of R. muscosa in southern California, including the most difficult survey locations and the smallest populations ( Table 3) . This 89% detectability is the probability of detecting R. muscosa at occupied sites when they are active and does not reflect the probability of detecting R. muscosa at any random site. The detectability was calculated to help us refine our survey protocol and to provide a better understanding of the probability of detecting new populations at sites to be surveyed. The high detection probability of this species is consistent with historical observations before and during the 1960s (Wright & Wright, 1949; Schoenherr, 1976; Jennings & Hayes, 1994) . R. muscosa are diurnal, basking on sunny rocks, and their tadpoles are present year-round in TABLE 3 Mean estimates of R. muscosa abundance ± SE (with 95% confidence interval, and number of surveys) at eight sites in southern California (Fig. 1) during The Sierra Madre yellow-legged frog 161 streams, making them easy to detect (Zweifel, 1955; Jennings & Hayes, 1994; Vredenburg et al., 2005 Vredenburg et al., , 2007 . Given the high detectability of this species it is notable that only nine small populations were detected across 150 unique locations surveyed throughout their historical distribution. Our current abundance estimates are small (1-55 adults per population; Table 3 ). Our data indicate that most of the remaining populations have fewer than 10 pairs of adults. Very small populations, consisting of , 10 pairs, are considered to be highly vulnerable to stochastic events and are likely to become extinct in the short term (Pimm et al., 1988) . We have seen evidence of vulnerability to stochastic events in two of the nine remaining populations, City Creek and Bear Gulch. At City Creek wildfires followed by heavy rains and debris flows in 2003 nearly extirpated the population. Frogs were detectable again in small numbers in 2005 but have not recovered to pre-wildfire numbers (Table 3; Fig. 3) . Despite the reappearance of small numbers of frogs, this population remains at risk of extirpation. At Bear Gulch R. muscosa was undetectable in 2004 and continues to persist at low numbers, and the causes of decline are unclear. The City Creek and Bear Gulch populations were two of the largest in southern California between 2000 and 2003 but according to our data both are now nearly extirpated (Table 3) .
Amphibian chytrid fungus has been detected across all nine populations of R. muscosa in southern California, but we have never detected a mass die-off such as those described at other locations (Berger et al., 1998; Muths et al., 2003; Lips et al., 2006; Vredenburg et al., 2010) . In southern California R. muscosa appears to persist with low-level fungal infection. Briggs et al. (2010) found similarly low-level infection at sites where R. muscosa and Rana sierrae populations survived an initial invasion of the fungus in the Sierra Nevada. Based on the low-level infection intensities in all R. muscosa populations in southern California the fungus may have moved across southern California in a manner similar to that documented in the Sierra Nevada fragmented R. muscosa populations. The decline in museum vouchers collected and the reduction in the number of sites of those collections potentially indicate a decreasing trend in the late 1960s. As an alternative we examined California Department of Fish and Wildlife fish stocking records across the historical distribution of R. muscosa for the San Gabriel, San Bernardino and the San Jacinto mountains. Stocking occurred from 1940 to 1999, with sites stocked between one and 52 times across this region. It is unlikely that fish stocking caused this abrupt decline in the late 1960s as there were continuous stocking efforts from 1940 to 1999. We queried HerpNet (HerpNet, 2013) for all reptile and amphibian captures across five southern California counties to ascertain the field collection effort. We found a continuous collecting effort from 1908 to 1987, with a peak collecting period between 1970 and 1972, suggesting that field collection effort is unlikely to be the cause of the reduced number of R. muscosa vouchers in museums. Future studies evaluating museum collections for amphibian chytrid fungus would indicate when the fungus began appearing in R. muscosa populations and how it spread geographically. Whatever the cause, since the initial dropoff the remaining populations continue to be affected by additional stressors (hydrologic fragmentation, non-native trout, wildfires, recreation) resulting in the current fragmented distribution and extremely small population sizes.
Conclusions and management recommendations
The causes of the decline of R. muscosa in the area we studied remain unknown but there are several possibilities, including the spread of amphibian chytrid fungus, loss of habitat as a result of human recreation and urbanization, and the introduction of predatory fish. Since this study began the remaining populations have persisted, with precariously low numbers of individuals. Several documented stochastic events have had further negative effects on some of the remaining populations.
To preserve current populations and ensure the persistence of R. muscosa in southern California we recommend: (1) protecting and expanding current populations, (2) increasing the number of populations by repatriating historical sites with suitable habitat, and (3) establishing neighbouring populations where suitable habitat exists, to promote natural recolonization and gene flow between populations.
We have several preliminary projects underway. To protect remaining populations from further decline we have been working closely with state, federal and local agencies at several sites to decrease recreational activity adjacent to frog populations, remove non-native predatory fish and create fish barriers to protect frog-occupied areas. We have also established a captive breeding programme at the San Diego Zoo Institute for Conservation Research and the Los Angeles Zoo and Botanical Gardens, from which we now have individuals to repatriate historical areas, provided the stock animals are disease-free and there are suitable sites for repatriation. Genetic analyses of current populations are also being used to consider the best way to repatriate while conserving the natural genetic structure of the remaining populations.
Much work is still needed to determine how to reestablish this species to a point where it will be at less risk of extirpation. We intend to continue monitoring extant populations of R. muscosa in southern California for disease, predators and population trends. We will continue to study and apply new ways to increase the number of populations and of individuals within populations in the hope that one day they will become self-sustaining.
